Death-associated protein kinase (DAPK) was identified as a mediator of interferon (IFN)-induced cell death. How IFN controls DAPK activation remains largely unknown. Here, we identify the BTB-Kelch protein KLHL20 as a negative regulator of DAPK. KLHL20 binds DAPK and Cullin 3 (Cul3) via its Kelch-repeat domain and BTB domain, respectively. The KLHL20-Cul3-ROC1 E3 ligase complex promotes DAPK polyubiquitination, thereby inducing the proteasomal degradation of DAPK. Accordingly, depletion of KLHL20 diminishes DAPK ubiquitination and degradation. The KLHL20-mediated DAPK ubiquitination is suppressed in cells receiving IFN-a or IFN-c, which induces an enrichment/sequestration of KLHL20 in the PML nuclear bodies, thereby separating KLHL20 from DAPK. Consequently, IFN triggers the stabilization of DAPK. This mechanism of DAPK stabilization is crucial for determining IFN responsiveness of tumor cells and contributes to IFN-induced autophagy. This study identifies KLHL20-Cul3-ROC1 as an E3 ligase for DAPK ubiquitination and reveals a regulatory mechanism of DAPK, through blocking its accessibility to this E3 ligase, in IFN-induced apoptotic and autophagic death. Our findings may be relevant to the problem of IFN resistance in cancer therapy.
Introduction
Interferons (IFNs) possess antitumor activities mainly through their inhibition of growth and induction of tumor cell apoptosis and have been used to treat a variety of cancers, including several hematological neoplasms (Gutterman, 1994; Strander and Einhorn, 1996) . Despite their wide use, the mechanisms underlying their antitumor activities have not been fully understood, and therefore the factors responsible for IFN resistance remain largely elusive.
Death-associated protein kinase (DAPK) is a calmodulinregulated serine/threonine kinase. Several lines of evidence suggest that DAPK is a tumor suppressor. First, in a wide range of human cancers, DAPK promoter has been found to be silenced by methylation . In virtually in all sporadic cases of chronic lymphocytic leukemia, for instance, DAPK has been observed to be silenced epigenetically (Raval et al, 2007) . DAPK downregulation in human tumors can also be caused by genetic (Raval et al, 2007) and posttranslational mechanisms (Wang et al, 2007) . Second, in several types of human cancers, loss of DAPK expression correlates strongly with the recurrence and metastatic progression . Third, the antitumorigenic effect of DAPK has been directly evident in a mouse model in which DAPK expression has a causative function in suppressing the ability of Lewis lung carcinoma to form metastases in mice (Inbal et al, 1997) . Finally, experiments using various cell culture systems have shown that DAPK has a critical function in promoting cell death (Deiss et al, 1995; Cohen et al, 1999; Raveh et al, 2001; Jang et al, 2002; Pelled et al, 2002; Wang et al, 2002; Llambi et al, 2005; Eisenberg-Lerner and Kimchi, 2007; Gozuacik et al, 2008; Castets et al, 2009) as well as in inhibiting cell migration and tumor invasion (Kuo et al, 2006) , which likely contribute to the suppression of human malignancy. DAPK was originally identified by a functional screen for genes whose inactivation protects cells from IFN-g-induced cell death (Deiss et al, 1995) . Subsequent studies have shown that DAPK acts as a positive mediator or regulator of apoptosis in response to a wide variety of stimuli, including TNF-a, Fas (Cohen et al, 1999) , TGF-b (Jang et al, 2002) , ceramide (Pelled et al, 2002) , oncogene activation (Raveh et al, 2001) , unliganded netrin receptor (Llambi et al, 2005; Castets et al, 2009) , matrix detachment (Wang et al, 2002) , and ER stress (Gozuacik et al, 2008) . In addition to participating in the type-I programmed cell death, DAPK has been shown to mediate autophagic type-II cell death and caspase-independent necrotic cell death under certain cellular settings (Inbal et al, 2002; Eisenberg-Lerner and Kimchi, 2007) . Consistent with its involvement in multiple modes of cell death, DAPK triggers the activation of a number of death-promoting pathways, depending on cell types and contexts. For instance, DAPK induces a p53-dependent apoptotic checkpoint in response to oncogenic activation (Raveh et al, 2001 ) and activates PKD/JNK pathway under oxidative stress (Eisenberg-Lerner and Kimchi, 2007) . The integrin-inactivating activity of DAPK contributes to its induction of anoikis (Wang et al, 2002) , whereas its phosphorylation of myosin regulatory light chain and interaction with MAP1B (Harrison et al, 2008) are linked to apoptotic membrane blebbing. Finally, phosphorylation of beclin 1 is a key event mediating DAPK-induced autophagy (Zalckvar et al, 2009) . Although DAPK has a broad array of functions in promoting cell death induced by various stimuli, how DAPK itself is regulated or modified during these death processes remains poorly understood.
The ubiquitin-proteasome system has been found to be central to the control of protein turnover, thereby regulating numerous biological processes (Hershko and Ciechanover, 1998) . In this system, proteins are tagged with ubiquitin moiety through a cascade of enzymatic reactions involving E1 activating enzyme, E2 conjugation enzyme, and E3 ubiquitin ligase. Cullin-based multi-protein complexes are the largest family of E3 ligase, in which Cullin serves as a scaffold for linking two functional modules: the catalytic RING finger protein ROC1 for recruiting E2, and the substrate-binding molecule for bringing substrate within the proximity to the catalytic module (Jackson and Eldridge, 2002; Cardozo and Pagano, 2004; Willems et al, 2004; Petroski and Deshaies, 2005; Bosu and Kipreos, 2008) . The SCF complex, which consists of Skp1-Cul1-F-box-ROC1, is the best characterized Cullin family E3 ligase (Deshaies, 1999) . More recently, the molecular architecture of Cul3-based E3 ligase complex has been determined (Furukawa et al, 2003; Geyer et al, 2003; Krek, 2003; Pintard et al, 2003 Pintard et al, , 2004 Xu et al, 2003; Cardozo and Pagano, 2004; Willems et al, 2004) . In this complex, the Bric-a-brac/Tramtrack/Broad (BTB) complex domain-containing protein functions as the substrate adaptor to bridge Cul3 and substrate, which is analogous to the Skp1-F-box heterodimer in the SCF complex. The human genome encodes 4180 BTB proteins (Stogios et al, 2005) , suggesting that there is a large number of Cul3-BTB substrates. However, only a few substrates have been identified to date, and the physiological functions of most BTB proteins have not been studied. One of the well-characterized BTB proteins is Keap1, which regulates the stability of transcription factor Nrf2, thereby controlling the expression of a number of antioxidant genes (Cullinan et al, 2004; Kobayashi et al, 2004; Zhang et al, 2004; Furukawa and Xiong, 2005) . Unlike the SCF substrates that often require phosphorylation for binding to F-box proteins, posttranslational modification is dispensable for the binding of Nrf2 to Keap1 (Lo et al, 2006; Padmanabhan et al, 2006 Padmanabhan et al, , 2008 Tong et al, 2006) and therefore Nrf2 is constitutively targeted for Keap1-dependent degradation under basal conditions. In response to oxidative stress, Keap1 activity is impaired by oxidative modifications on specific cysteine residues, leading to Nrf2 stabilization (Zhang and Hannink, 2003; Wakabayashi et al, 2004) .
In this study, we identify the BTB protein KLHL20 that functions as a substrate adaptor bringing DAPK to Cul3, thereby promoting DAPK ubiquitination and proteasomal degradation. In IFN-treated cells, the enrichment and sequestration of KLHL20 in PML nuclear bodies (PML-NBs) disrupts KLHL20-DAPK complex, thus impairing DAPK ubiquitination by KLHL20. This IFN-induced stabilization of DAPK contributes in part to the cell death effect of IFN and has a function in determining the tumor cell responsiveness to IFN. Thus, our study not only identifies the KLHL20-Cul3-ROC1 complex as an E3 ligase for DAPK ubiquitination, but also unravels the regulatory mechanism of DAPK in IFN-induced cell death.
Results

KLHL20 forms a complex with Cul3 and DAPK
In a search for potential interaction partners of DAPK, we performed a yeast two-hybrid screening of a human placenta cDNA library using the death domain (DD) of DAPK as bait. Several of the cDNA fragments we identified were encoded for the C-terminal region of a BTB/Kelch protein KLHL20, also known as KLEIP (Hara et al, 2004) . The specificity of interaction between DAPK DD and KLHL20 (174-609) was verified by one-on-one transformation assay ( Figure 1A ). To determine whether the two proteins would interact in mammalian cells, we transfected 293T cells with epitopetagged DAPK and KLHL20. Reciprocal immunoprecipitation analysis showed that DAPK bound specifically to KLHL20 (Supplementary Figure S1) . To investigate whether these two proteins would interact endogenously, we generated an antiserum that could specifically recognize endogenous KLHL20 (Supplementary Figure S2) . Using this antiserum, we found an association between endogenous KLHL20 and endogenous DAPK in HeLa cells ( Figure 1B ). The interaction between the two did not require DAPK catalytic activity, as the kinasedefective (K42A) and kinase-active (DCaM) mutants bound KLHL20 as effectively as the wild-type DAPK (Supplementary Figure S3) . However, deletion of DD significantly diminished the ability of DAPK to bind endogenous KLHL20 ( Figure 1C ). To determine the region of KLHL20 responsible for binding DAPK, we generated KLHL20DB and KLHL20DK, which lack BTB domain and Kelch-repeat domain, respectively. Although KLHL20DB bound DAPK, KLHL20DK did not ( Figure 1D ). Together, these findings indicate that KLHL20 is a DAPKinteracting protein and the DD of DAPK and Kelch-repeat domain of KLHL20 are responsible for the interaction between the two proteins.
Recent studies have revealed that a number of BTB proteins function as substrate adaptors for Cul3-based E3 ligase (Furukawa et al, 2003; Geyer et al, 2003; Krek, 2003; Pintard et al, 2003 Pintard et al, , 2004 Xu et al, 2003; Cardozo and Pagano, 2004; Willems et al, 2004) . Likewise, KLHL20 interacted with Cul3. Furthermore, deletion of its BTB domain rather than the Kelch-repeat domain, abrogated Cul3-binding ability of KLHL20, thus showing the critical function of BTB domain in Cul3 interaction ( Figure 1E ). The involvement of different domains of KLHL20 in the bindings of Cul3 and DAPK suggests a possible Cul3-KLHL20-DAPK tripartite complex. Indeed, when cells cotransfected with DAPK, KLHL20, and Cul3 were subjected to immunoprecipitation, both KLHL20 and Cul3 were coprecipitated with DAPK ( Figure 1F ). Furthermore, interaction of endogenous Cul3 with endogenous DAPK was detected in HeLa cells ( Figure 1G ). To confirm that this interaction was mediated by KLHL20, endogenous KLHL20 was downregulated by two different siRNAs. This depletion of KLHL20 significantly impaired the interaction of Cul3 with DAPK. Together, our data show the formation of Cul3-KLHL20-DAPK tripartite complex, in which KLHL20 binds Cul3 and DAPK through its BTB domain and Kelchrepeat domain, respectively.
KLHL20-based Cul3 complex promotes DAPK ubiquitination in vitro and in vivo
To investigate whether the KLHL20-Cul3 complex could promote the ubiquitination of DAPK, we monitored the DAPK ubiquitination levels in cells transfected with KLHL20, Cul3, and/or ROC1. Although DAPK polyubiquitination was readily detected in the absence of ectopic KLHL20 and Cul3, cotransfection of ROC1, KLHL20, and Cul3 together led to a great induction of DAPK polyubiquitination. Omission of either Cul3 or KLHL20 reduced DAPK ubiquitination level ( Figure 2A) . Importantly, the ROC1-Cul3-KLHL20-mediated DAPK ubiquitination was abolished by deleting either the ROC1-binding site (amino acid 597-615) in Cul3 (Cul3DR) or the DAPK-binding domain in KLHL20 (KLHL20DK) ( Figure 2B, left) . Furthermore, we generated a KLHL20 mutant (KLHL20m6), in which each of the six residues corresponding to those in Skp1 contacting Cul1 predicted by structural modelling (Supplementary Figure S4A) was replaced by an alanine. This mutant, which was defective in Cul3 binding (Supplementary Figure S4B) , could no longer support Cul3-mediated DAPK ubiquitination ( Figure 2B , right). Finally, we found that the ROC1-Cul3-KLHL20 complex could not efficiently promote the ubiquitination of DAPKDDD mutant ( Figure 2C ), consistent with the defect of this mutant in binding KLHL20. Together, these results indicate that an intact ROC1-Cul3-KLHL20 complex and an efficient interaction between DAPK and KLHL20 are important for DAPK ubiquitination in vivo.
To determine the function of endogenous KLHL20 in DAPK ubiquitination, we used the aforementioned HeLa cell derivatives carrying control siRNA or KLHL20 siRNAs. In cells expressing either of the two KLHL20 siRNAs, DAPK ubiquitination was markedly diminished, and the extent of decrease in DAPK ubiquitination correlated with the efficiency of KLHL20 depletion (comparing Figures 2D with 1G ). Next, we tested whether the ROC1-Cul3-KLHL20 complex would be sufficient to trigger DAPK ubiquitination in vitro. To this end, 293T cells were transfected with constructs-expressing GST-Cul3, Myc-KLHL20, and Myc-ROC1, and then the ROC1-Cul3-KLHL20 complex was purified by Glutathione Sepharose (Supplementary Figure S5) . This complex was then incubated with purified, baculovirally expressed Flag-DAPK in the in vitro ubiquitination reaction. Western blot analysis of the reaction mixture with anti-Flag antibody detected a high-molecular-weight smear, representing the polyubiquitinated DAPK ( Figure 2E ). Omission of ubiquitin, E1/E2, or the ROC1-Cul3-KLHL20 complex from the reaction prevented DAPK polyubiquitination. Furthermore, replacement of wild-type Cul3 with the Cul3DC mutant (Cul3 1-199) or wild-type KLHL20 with the KLHL20m6 mutant impaired the formation of intact ROC-Cul3-KLHL20 complex (Supplementary Figure S5) and compromised DAPK ubiquitination in vitro ( Figure 2F ). Together, these data provide compelling evidence that DAPK is a direct substrate of the ROC1-Cul3-KLHL20 E3 ligase.
KLHL20 promotes DAPK proteasomal degradation and attenuates its proapoptotic function
The ability of KLHL20 to target DAPK for Cul3-mediated polyubiquitination suggests its function in promoting DAPK proteasomal degradation. Indeed, overexpression of KLHL20 decreased the steady-state levels of both ectopic and endogenous DAPK, and this effect of KLHL20 was reversed by the proteasome inhibitor MG132 ( Figure 3A ). The KLHL20DK and KLHL20m6 mutants, however, failed to affect DAPK level. KLHL20 overexpression also accelerated DAPK turnover, as revealed by the cycloheximide-chase treatment ( Figure 3B ). Furthermore, depletion of KLHL20 led to an accumulation of endogenous DAPK ( Figures 1G and 3C ), Lysates of 293T cells cotransfected with various constructs were analysed by immunoprecipitation and/or western blot with indicated antibodies. (G) KLHL20 mediates the interaction between DAPK and Cul3. HeLa cells were infected with lentivirus carrying indicated siRNA and then selected with puromycin. The resulting stable knockdown cells were analysed by immunoprecipitation followed by western blot with antibodies as indicated. KLHL20, Cul3, and DAPK expression levels were assayed by western blot (bottom panel).
thus showing the ability of endogenous KLHL20 to regulate endogenous DAPK. Consistent with its ability to downregulate DAPK expression, KLHL20 overexpression attenuated apoptosis induced by wild-type DAPK or its active mutant (DCaM), whereas KLHL20DK did not affect this proapoptotic activity ( Figure 3D ). These findings indicate that KLHL20 downregulates DAPK protein level and biological function by promoting DAPK ubiquitination.
IFN-a and IFN-c inhibit KLHL20-dependent DAPK ubiquitination by sequestration of KLHL20
Next, we explored whether KLHL20-dependent DAPK ubiquitination could be regulated in response to a physiological stimulus. By screening a number of death stimuli, we observed that IFN-g induced a substantial increase in the protein levels of both overexpressed ( Figure 4A ) and endogenous ( Figure 4B ) DAPK. Intriguingly, although MG132 Figure 1G were transfected with Myc-Ub and/or DAPK-Flag and assayed for DAPK ubiquitination as in (A). (E-F) In vitro ubiquitination of DAPK by the KLHL20-Cul3-ROC1 E3 ligase. Cul3 complex was purified by Glutathione Sepharose from lysates of 293T cells transfected with GST-Cul3 (or its mutant), Myc-ROC1, and KLHL20-Myc (or its mutant). The copurification of ROC1 and/or KLHL20 with GST-Cul3 was shown in Supplementary Figure S5 . The Cul3 complex was subjected to in vitro ubiquitination assay in the presence of E1, E2, ubiquitin, and/or Flag-DAPK purified from baculovirus (see Materials and methods). The reaction was resolved on SDS-PAGE and analysed by western blot with anti-Flag antibody.
treatment resulted in an elevation of DAPK level in cells without receiving IFN-g, it did not significantly upregulate DAPK in IFN-g-treated cells ( Figure 4B ). These findings suggest that IFN-g stabilizes DAPK by inhibiting its proteasomal degradation. A similar DAPK stabilization was observed in IFN-a-treated cells ( Figure 4B ). We then tested the underlying mechanism of this DAPK stabilization. Both IFN-g and IFN-a led to a marked inhibition of DAPK ubiquitination induced by KLHL20 and Cul3 ( Figure 4C and D) . Although the formation of ROC1-Cul3-KLHL20 E3 ligase complex was not affected (Supplementary Figure S6) , KLHL20 interaction with endogenous DAPK was blocked in response to IFN-g ( Figure 5A ). In correlating with the dissociation of KLHL20-DAPK complex, a drastic alteration in the subcellular localization of KLHL20 was detected in IFN-g-treated cells ( Figure 5B, upper panel) . In the absence of IFN-g, KLHL20 was concentrated in the perinuclear region and dispersed in the remaining cytoplasm. In addition, a small fraction of KLHL20 was found in the nucleus, particularly, PML-NBs ( Figure 5B , magnified image shown in the inset). On IFN-g treatment, KLHL20 was enriched in PML-NBs, which occurred simultaneously with an increase of both size and number of PML-NBs. The distribution of KLHL20 in the cytoplasm was significantly reduced in this circumstance. DAPK, however, was mainly localized in the cytoplasm and this localization was not affected by IFN-g ( Figure 5B , lower Figure S7) . These intriguing findings thus suggest that both IFN-a and IFN-g induce a spatial separation of KLHL20 from its substrate DAPK. As these IFNs are known to transcriptionally induce PML expression (Lavau et al, 1995; Stadler et al, 1995) , we reasoned that the IFN-a/g-triggered enrichment of KLHL20 in PML-NBs may be the result of a physical interaction between KLHL20 and PML. Accordingly, immunoprecipitation analysis showed a coprecipitation of endogenous PML with KLHL20. Notably, a higher amount of PML was coprecipitated with KLHL20 from lysate of IFN-g-treated cells ( Figure 5C , upper panel), correlating with the increased PML expression level ( Figure 5C , lower panel). We further found that the interaction between KLHL20 and DAPK was disrupted by overexpressing PML-I ( Figure 5D , upper panel), the longest and abundantly expressed PML isoform. Conversely, KLHL20 interaction with endogenous PML was blocked by overexpressing DAPK ( Figure 5D , lower panel). In addition, pull down analysis showed that PML and DAPK competed for binding KLHL20 in vitro (Supplementary Figure  S8) . Together, our data support a model in which IFN-a/ginduced PML recruits a significant amount of KLHL20 to PML-NBs through their physical interaction. This relocation of KLHL20 results in a spatial separation of KLHL20 from DAPK, thereby blocking KLHL20-dependent DAPK ubiquitination and proteasomal degradation. As IFN-g and IFN-a have similar effects on KLHL20 subcellular localization and KLHL20-mediated DAPK ubiquitination, we used only one of the agents in subsequent studies.
PML depletion reverses the inhibitory effect of IFN on DAPK ubiquitination and degradation
If the recruitment of KLHL20 to PML-NBs indeed accounts for the blockage of KLHL20-mediated DAPK ubiquitination in IFN-a/g-treated cells, depletion of PML should reverse this effect. To test this possibility, we used two PML siRNAs to downregulate PML expression in HeLa cells. Both PML siRNAs are designed to target the RBCC region of PML, and therefore are expected to knockdown all PML isoforms. Expression of PML siRNA, but not control siRNA, greatly reduced PML protein level, which was most evident in IFN-gtreated conditions ( Figure 6A) . Furthermore, the IFN-g-induced formation of PML-NBs was greatly inhibited in PML siRNA-expressing cells, and thus IFN-g failed to alter the subcellular localization of KLHL20 (Supplementary Figure  S9) . As a result, in cells expressing PML siRNA, but not control siRNA, IFN-g could no longer induce the dissociation of KLHL20-DAPK complex ( Figure 6B ), thus restoring the KLHL20-dependent DAPK ubiquitination ( Figure 6C) . Consequently, the IFN-g-induced DAPK upregulation was completely blocked by PML depletion ( Figure 6B , bottom panel). To further confirm the critical function of PML in IFN-g-induced DAPK stabilization, we used the PML null mouse embryonic fibroblasts (MEFs) and their wild-type counterparts. Although IFN-g robustly induced DAPK steady-state level in wild-type MEFs, this effect was not observed in PML À/À MEFs ( Figure 6D ). Similarly, cycloheximide experiment revealed that the DAPK stabilization effect of IFN-g was completely abrogated in PML À/À MEFs ( Figure 6E ).
Together, these results provide substantial evidence that PML-mediated sequestration of KLHL20 in PML-NBs is essential for the blockage of KLHL20-dependent DAPK ubiquitination and degradation under IFN-treated conditions. DAPK stabilization by blocking KLHL20-mediated ubiquitination contributes to IFN-a-induced apoptosis in multiple myeloma cells DAPK was originally identified by its involvement in IFNinduced cell death (Deiss et al, 1995) . The uncovering of IFNinduced DAPK stabilization prompted us to investigate the contribution of this event to IFN-induced apoptosis. Importantly, earlier studies revealed a tight correlation between induction of PML and IFN-a sensitivity of human tumors, such as multiple myeloma (MM) and hepatocelluar carcinoma (Crowder et al, 2005; Herzer et al, 2009 ). On the basis of these earlier reports and our current study, we hypothesized that the capability of blocking KLHL20-mediated DAPK degradation governs the fate of these tumors in response to IFN-a treatment. To test this hypothesis, we used a pair of MM cell lines: the IFN-sensitive H929 cells and the IFN-resistant XG1 cells. In agreement with one earlier report (Crowder et al, 2005) , IFN-a treatment led to a significant induction of PML-NBs in H929 but not XG1 cells ( Figure 7A and B). As a result, enrichment of KLHL20 in PML-NBs ( Figure 7A and B), disruption of DAPK-KLHL20 complex ( Figure 7C ), and upregulation of DAPK ( Figure 7D ) after IFN-a treatment were evident in H929 but not in XG1 cells. We expected that this blockage of KLHL20-mediated DAPK degradation and subsequent accumulation of proapoptotic DAPK would contribute to the IFN sensitivity of H929 cells. Consistent with this notion, the responsiveness of H929 cells to IFN-a was greatly suppressed by either depleting DAPK or overexpressing KLHL20 ( Figure 7E , upper panel). KLHL20m6, however, failed to inhibit IFN-a-induced apoptosis, suggesting that the formation of Cul3-KLHL20 complex is important for the antiapoptotic effect of KLHL20. Importantly, overexpression of a KLHL20-resistant DAPKDDD mutant completely reversed the effect of KLHL20 on IFN-a-induced apoptosis, even though this mutant is known to elicit a weaker proapoptotic activity than its wild-type counterpart (Chen et al, 2005) . Furthermore, in all H929 derivatives, the IFN sensitivity correlated tightly with DAPK level ( Figure 7E, bottom panel) . These results collectively support a critical function of suppressing KLHL20-mediated DAPK degradation in IFN-a-induced apoptosis. To further confirm this notion, we turned to XG1 cells. We postulated that DAPK may be persistently degraded by KLHL20 in this cell line due to a failure of IFN-a to induce PML-NBs. To address whether this effect could account for the IFN-resistant feature of XG1 cells, we depleted KLHL20 using two different siRNAs. Importantly, both siRNAs made XG1 cells responsive to IFN ( Figure 7F , upper panel). To address whether this effect of KLHL20 siRNAs was mediated by DAPK upregulation ( Figure 7F , bottom panel), we depleted (E) H929 cells were infected with lentivirus-expressing KLHL20, KLHL20m6 or DAPK siRNA and then selected with blasticidin (for KLHL20 construct) or puromycin (for siDAPK construct). To generate cells stably expressing both KLHL20 and DAPKDDD, H929 cells were first infected with retrovirus carrying DAPKDDD and selected with puromycin. The resulting stable line was then infected with lentivirus-expressing KLHL20 and selected with blasticidin. Cell lysates were analysed by western blot with antibodies as indicated (bottom panel). Alternatively, cells were treated with IFN-a and apoptosis was assayed by Annexin V staining followed by flow cytometry analysis (upper panel). (F) XG1 cells were infected with lentivirus carrying indicated siRNAs and then selected with hygromycin (for DAPK siRNA construct) and/or puromycin (for KLHL20 siRNA construct). Cells were lysed for western blot analysis (bottom panel). Alternatively, IFN-a-induced apoptosis was assayed as in (C). Data are represented as mean±s.e.m. (*Po0.05; **Po0.005; ***Po0.0005; n ¼ 3).
DAPK in KLHL20-knockdown cells. Indeed, IFN resistance was restored in the double knockdown cells. Thus, our findings not only show that DAPK acts as a downstream effector of PML in IFN-induced apoptosis, but also indicate that the KLHL20-mediated DAPK degradation has a determining function in IFN responsiveness of tumor cells.
Inhibition of KLHL20-mediated DAPK ubiquitination contributes to IFN-induced autophagy
IFN is known to trigger apoptotic or autophagic death depending on cell context. As DAPK is also a critical mediator of IFN-induced autophagy (Inbal et al, 2002) , we investigated whether blockage of KLHL20-mediated DAPK ubiquitination could contribute to autophagy induction by IFN. To this end, we used the MCF7 cell line, in which DAPK has a positive function in autophagy induction (Inbal et al, 2002) . Furthermore, the inhibitory effect of IFN-g on KLHL20-mediated DAPK degradation could be recapitulated in this cell line, as evident the enrichment of KLHL20 in PML-NBs (Supplementary Figure S10) and the upregulation of DAPK ( Figure 8B ) under IFN-g-treated conditions. To monitor the formation of autophagosome, MCF7 cells stably expressing the autophagosome-associated marker GFP-LC3 were established. After IFN-g treatment, a prominent induction of LC3-positive autophagic vesicles was observed ( Figure 8A) . Consistent with an earlier study (Inbal et al, 2002) , this induction of autophagosome was attenuated by depleting DAPK. Importantly, overexpression of KLHL20, but not KLHL20m6, similarly blocked IFN-induced LC3 puncta, and this effect was reversed by coexpression of KLHL20 with DAPKDDD. To further assess the effect of KLHL20-mediated DAPK degradation on IFN-induced autophagy, we monitored the conversion of LC3 from cytosolic form (LC3-I) to its autophagosome-associated form (LC3-II) in the parental MCF7 cells. As shown in Figure 8B , IFN-g treatment led to a marked increase of LC3-II level, which was abrogated by depleting DAPK or overexpressing KLHL20, but not by overexpressing KLHL20m6. Coexpression of KLHL20 and DAPKDDD again reversed the inhibitory effect of KLHL20 on LC3-II production. Of note, the increased GFP-LC3 puncta and LC3-II production seen in Figure 8A and B, respectively, were resulted from the increase in autophagosome formation rather than the blockage of lysosome-mediated autophagic flux, as treatment of lysosome inhibitors E64d and pepstatin A further elevated the level of LC3-II ( Figure 8C ). Together, these results indicate that blockage of KLHL20-mediated DAPK ubiquitination contributes to the autophagy-induction effect of IFN.
Discussion
In this study, we show that KLHL20 negatively regulates DAPK by targeting it to the Cul3-ROC1 complex for ubiquitination, which in turn triggers the proteasomal degradation of DAPK ( Figure 8D, left panel) . Several lines of evidence support this conclusion. First, KLHL20 binds DAPK through the Kelch-repeat domain and Cul3 through the BTB domain, consistent with its function as a substrate adaptor to bridge DAPK to the Cul3-ROC1 ligase. Second, an intact ROC1-Cul3-KLHL20 complex is critical for DAPK ubiquitination in vivo and disruption of either Cul3-ROC1 or Cul3-KLHL20 interaction abrogates this ubiquitination activity. Third, DAPK mutant that cannot efficiently bind KLHL20 displays a significant impairment of ubiquitination by KLHL20-based E3 ligase, suggesting a direct action of this ligase on DAPK. Accordingly, affinity-purified ROC1-Cul3-KLHL20 complex is capable of inducing DAPK polyubiquitination in vitro. Finally, siRNA-mediated depletion of endogenous KLHL20 leads to an inhibition of DAPK ubiquitination and an accumulation of DAPK protein. Thus, our study establishes an important and physiological function of ROC1-Cul3-KLHL20 in DAPK ubiquitination.
When searching for an upstream signal that could regulate the KLHL20-mediated DAPK ubiquitination, we observed that the administration of IFN-a or IFN-g drastically blocks this ubiquitination event through disrupting the interaction between DAPK and KLHL20. In cells treated with IFN, a large fraction of KLHL20 is recruited to PML-NBs, thus decreasing the availability of KLHL20 to its substrate DAPK ( Figure 8D, right panel) . IFN signalling is known to transactivate PML promoter (Lavau et al, 1995; Stadler et al, 1995) , thereby increasing PML protein level and PML-NBs. We found that DAPK and PML compete for binding KLHL20, which likely accounts for the enrichment of KLHL20 in PMLNBs and disruption of KLHL20-DAPK complex in IFN-treated cells. In support of this notion, PML depletion abolishes IFN-induced relocation of KLHL20 and reverses the inhibitory effect of IFN on KLHL20-mediated DAPK ubiquitination and degradation. Thus, our study reveals that IFN induces DAPK stabilization by suppressing KLHL20-mediated DAPK polyubiquitination. Although DAPK is not a short-lived protein (endogenous DAPK with a half-life B7 h in MEF), inhibition of DAPK ubiquitination by IFN did significantly increase DAPK half-life and steady-state protein level. Of note, DAPK has long been known to be a mediator of IFN-induced cell death (Deiss et al, 1995) . Although one earlier study found that IFN-g induces the transcriptional activation of DAPK via C/EBP-b (Gade et al, 2008) , we identify a posttranslational mechanism by which IFN triggers DAPK stabilization. Intriguingly, although IFN upregulates the expression of DAPK, it does not significantly elevate the level of S308-phosphorylated DAPK (Supplementary Figure S11) , which represents an auto-inactivated form of DAPK (Shohat et al, 2001) . This finding suggests that IFN also promotes DAPK activation, presumably through the action of a phosphatase. We believe that all three mechanisms, that is, transcriptional activation, stabilization, and relieving the autoinhibition, may act in concert to achieve the maximal induction of DAPK activity in IFN-treated cells. The existence of multiple pathways for DAPK upregulation by IFN highlights the importance of this proapoptotic and proautophagic protein in IFN-induced cell death.
We present evidence showing that the blockage of KLHL20-mediated DAPK degradation contributes at least in part to IFN-induced apoptotic and autophagic death. IFN-a has been commonly used as a therapeutic agent in the treatment of certain types of human malignancies, including MM (Gutterman, 1994; Fritz and Ludwig, 2000; Ludwig and Fritz, 2000) . However, the effectiveness of IFN-a-based therapy varies among patients. Using both IFN-sensitive and IFNresistant MMs, we show that the capability of blocking KLHL20-mediated DAPK degradation by sequestration of KLHL20 in PML-NBs has a determining function in MM responsiveness to IFN. The same mechanism may also control the IFN-a responsiveness of hepatocellular carcinoma, as the importance of PML induction in IFN-a-induced apoptosis has been shown in this type of cancer (Herzer et al, 2009) . Of note, although both PML (Wang et al, 1998) and DAPK (Deiss et al, 1995) are known to be involved in IFN-induced cell death, our findings assign DAPK as a downstream effector of PML in this death pathway. PML and PML-NBs seem to broadly regulate cell death decisions through different, pathway-specific molecular mechanisms (Krieghoff-Henning and Hofmann, 2008) . Identification of a crucial function of PML-dependent DAPK stabilization in IFN-induced apoptosis not only provides new insights into the functional role of PML in this death paradigm, but also facilitates a better understanding of IFN resistance in certain types of tumors.
We show that the DD of DAPK is important for binding KLHL20. However, the DD deletion mutant (DAPKDDD) displays a residual KLHL20-binding activity, indicating the existence of additional and yet low-affinity binding motif. The presence of more than one adaptor binding sites is analogous to substrates of two other BTB family proteins, Keap1 (Lo et al, 2006; Tong et al, 2006; Padmanabhan et al, 2006 Padmanabhan et al, , 2008 and SPOP (Zhuang et al, 2009 ). Furthermore, a recent structural study reported that the ability of SPOP to engage multiple-binding sites in one substrate is attributed to its structural flexibility and dimerization ability (Zhuang et al, 2009) . Perhaps KLHL20 adapts a similar mechanism for substrate binding. Nevertheless, the DD of DAPK should contain the primary site for KLHL20 binding, as DAPKDDD is almost completely refractory to KLHL20-mediated ubiquitination. We believe that this resistance to KLHL20 explains why the overexpression of DAPKDDD reverses the antiapoptotic effect of KLHL20, even though our earlier study indicates that DAPKDDD elicits a weaker proapoptotic activity than the wild-type protein (Chen et al, 2005) .
Unlike many substrates for Cul1-based ligases (Petroski and Deshaies, 2005) , there is no evidence that posttranslational modifications on substrates are required for their interactions with Cul3-based ligases. Furthermore, in the cases of two BTB family proteins, Keap1 (Lo et al, 2006) and SPOP (Zhuang et al, 2009) , substrate phosphorylation inhibits rather than promotes their recruitment. It is unknown whether DAPK posttranslational modifications could regulate its turnover by KLHL20. Of note, studies on Keap1 have revealed a different mode for regulating Cul3-based ubiquitination. Under oxidative or electrophilic stress, modifications of several redox-sensitive cysteine residues on Keap1 inhibit the ubiquitination activity of Cul3-Keap1 complex (Zhang and Hannink, 2003; Wakabayashi et al, 2004) . Interestingly, comparing the regulatory mechanisms between KLHL20-mediated DAPK ubiquitination and Keap1-mediated Nrf2 ubiquitination reveals several similarities. First, in both cases, substrates are constitutively targeted to the Cul3-based ligase complexes under basal conditions. Second, extracellular or intracellular signal capable of regulating the two Cul3-dependent ubiquitination events induces an off signal on the ubiquitination. Third, in both cases, regulation of substrate ubiquitination occurs at the level of substrate adaptor, rather than substrate itself. Notably, all these features are in sharp contrast with the general regulatory principle of Cul1-dependent ubiquitination, in which substrate modification induced by a stimulus often switches on the ubiquitination event.
Earlier reports revealed that DAPK ubiquitination/degradation can also be mediated by a HECT family E3 ligase mindbomb1 (Mib1) (Zhang et al, 2007) and a U-box-containing E3 ligase CHIP (Zhang et al, 2007) . Our identification of ROC1-Cul3-KLHL20 as a bona fide DAPK E3 ligase further expands the repertoire of DAPK E3 ligases and highlights the importance of ubiquitination/proteasomal degradation process in regulating DAPK. Consistent with this notion, it has been shown that DAPK protein expression is uncoupled from its mRNA expression under certain stress conditions . Importantly, although inhibition of both Mib1-and CHIP-mediated DAPK ubiquitination is implicated in DAPK stabilization induced by HSP90 (Zhang et al, 2007) , suppression of KLHL20-mediated DAPK degradation is responsible for DAPK induction by IFN. Thus, different extracellular and intracellular signals could act on distinct E3 ligases to regulate DAPK protein level. It would be interesting to determine whether modulation of DAPK ubiquitination/degradation occurs in other death systems.
Materials and methods
Cell culture, transient transfection, and retroviral infection 293T, HeLa, NIH3T3, wild-type and PML À/À MEF cells (provided by Gerd Maul) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS). H929 cells (provided by Kuo-I Lin) were maintained in RPMI 1640 medium supplemented with 10% FCS and 50 mM 2-mercaptoethanol (2-ME). XG1 cells (provided by Qing Yi) were cultured in RPMI 1640 medium supplemented with 10% FCS, 50 mM 2-ME, 2 mM L-glutamine, and 10 ng/ml human interleukin-6 (R&D Systems). MCF7 cells were cultured in DMEM/F12 medium supplemented with 10% FCS, nonessential amino acid, and 20 mM L-glutamine. Transfections were performed using the calcium phosphate method or the Lipofectamine 2000 reagent. Retroviral infection was performed as described earlier (Kuo et al, 2006) .
Plasmids
The expression constructs for wild type and various mutants of DAPK with C-terminal Myc or Flag tag were described (Jang et al, 2002; Kuo et al, 2003; Chen et al, 2005) . The KLHL20 cDNA (FLJ10568/AK001430) was purchased from Helix Research Institute, Japan, and then subcloned to pRK5-Flag, pRK5-Myc, or pLenti6/V5-GW/lacZ vector. The Kelch-repeat domain deletion mutant (KLHL20DK: residues 1-316) and the BTB domain deletion mutant (KLHL20DB: residues 301-609) were generated by PCR. The KLHL20m6 mutant, in which the residues 109, 111, 113, 146, 148, and 150 were each replaced by an alanine residue, was generated by site-directed mutagenesis. pMyc-ubiquitin was a gift from Zee-Fen Chang. pCDNA3-Myc-hCul3 and 3xMyc-ROC1 were provided by Yue Xiong. pCDNA3-Myc-hCul3 DROC1 (deletion of residues 597-615) was generated by site-directed mutagenesis. pEBB-Cul3-NTD was provided by Christopher Carpenter.
Antibodies and reagents
Polyclonal antibody to DAPK was described earlier (Jang et al, 2002) . Anti-Myc (9E10) and anti-human PML (H-238: for western blot; PGM3: for immunostaining) antibodies were obtained from Santa Cruz. Anti-Flag (M2) antibody, pS308-DAPK antibody, human IFN-a, and cycloheximide were purchased from Sigma. Human and mouse IFN-g were from R&D Systems. Anti-mouse PML and anti-atubulin antibodies were obtained from Upstate, whereas anti-Cul3 antibody and anti-LC3 antibody were from Cell Signaling. MG132 was purchased from CALBIOCHEM. To generate antiserum against KLHL20, a KLHL20 N-terminal segment (residues 1-139) was cloned to pET30a vector to generate 6xHis-tagged fusion protein.
The fusion protein was purified using the Ni-chelating HisTrap affinity column (Amersham) under denaturing condition. The purified protein was used to immunize rabbits and the resulting antiserum was affinity purified.
Immunoprecipitation
Immunoprecipitation using cell lysates containing equal amounts of proteins was performed as described earlier (Chen et al, 2005) .
Yeast two-hybrid screen
Yeast two-hybrid screen of a human placenta cDNA library using the DD of DAPK as bait was described earlier (Chen et al, 2005) . To verify the interaction between DAPK DD and KLHL20 by one-onone transformation assays, yeast strain L40 was cotransformed with pACT2-Gal4-AH3 (encoding amino acid 174-609 of KLHL20 fused with Gal4 activation domain) and pBTM116-LexA-DD (encoding DD of DAPK fused with LexA DNA-binding domain) or pBTM116-LexALamin (as a negative control).
In vitro ubiquitination assay ROC1-Cul3-KLHL20 complex was purified using GlutathioneSepharose beads from lysates of 293T cells transfected with GSTCul3, Myc-KLHL20, and Myc-ROC1. The purified complex bound on beads was incubated at 371C for 4 h in a 20 ml reaction mixture containing 50 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 1 mM ubiquitin aldehyde, 20 mM MG132, 2 mM ATP, 2 mM NaF, 1 mM DTT, 10 mg ubiquitin, 10 mM creatine phosphate, 0.5 mg creatine kinase, 40 ng yeast E1, 200 ng E2 (UbcH5a), and 300 ng Flag-tagged DAPK purified from baculovirus. All ubiquitin-related reagents were purchased from Boston Biochemicals.
Immunofluorescence analysis
To detect the subcellular localization of KLHL20, cells were fixed and permeabilized with ice-cold methanol for 10 min, and then blocked with PBS supplemented with 10% goat serum, and 1% BSA for 1 h. Next, cells were incubated with various primary antibodies diluted in PBS containing 0.2% BSA and 5% goat serum for 2 h, and then with FITC-or rhodamine-conjugated anti-mouse or anti-rabbit secondary antibody together with 1 mg/ml of DAPI for 1 h. Cells were then washed, mounted, and examined by a Zeiss LSM510 confocal microscope, using Â 100 oil objective lens. To detect the GFP-LC3 signal, cells were fixed with 4% formaldehyde for 20 min and examined by a Zeiss LSM510 confocal microscope equipped with a Â 100 oil objective lens or by an epifluorescent microscope (Olympus BX50) equipped with a Â 60 oil objective lens. Fluorescent images were captured with a cooled CCD camera operated by a Laser Scanning Microscope LSM510 Software or with an Olympus DP71 digital camera operated by a DP controller.
Production of baculovirus
Monolayers of Sf-21 cells cultured in Grace's medium (Life Technologies) supplemented with 10% FCS were cotransfected with linearized virus DNA (BaculoGold, BD Pharmingen) and pVL1392-based vector. The recombinant virus was harvested, amplified, and then used to infect monolayers of Sf-21 cells in TNM-FH medium (Applichem). After a 3-day incubation, the Flagtagged recombinant protein was purified using the anti-Flag M2 agarose (Sigma), and then eluted with the Flag peptide.
Apoptosis assay DAPK-induced apoptosis was assayed as described earlier (Wang et al, 2002) . To assay IFN-a-induced apoptosis, cells were treated with IFN-a at 2000 U/ml for 48 h. Annexin V staining was performed using the Annexin V-APC kit (BD Pharmingen).
Lentivirus production
Lentivirus carrying DAPK-, KLHL20-, or PML-specific siRNA was used to knockdown DAPK, KLHL20, or PML, respectively. The target sequences of various siRNAs are DAPK siRNA #1: 5 0 -CAAGA AACGTTAGCAAATG-3 0 , DAPK siRNA #2: 5 0 -GGTCAAGGATCCAAA GAAG-3 0 , KLHL20 siRNA #1: 5 0 -GGTGGCGTAGGAGTTATTAA-3 0 , KLHL20 siRNA #2: 5 0 -GCCTGCTGTGAATTCTTAA-3 0 , PML siRNA #1: 5 0 -CACCCGCAAGACCAACAACAT-3 0 , and PML siRNA #2: 5 0 -GTG TACCGGCAGATTGTGGAT-3 0 . To generate recombinant lentivirus, 293FT cells were cotransfected with the package, envelop and siRNA (or cDNA)-expressing constructs. The supernatant containing the virus was harvested, concentrated by ultracentrifugation, and then used to infect cells. For infection of XG1 or H929 cells, the viral stock was supplemented with 8 mg/ml of polybrene, and the infected cells were selected by 2 mg/ml of puromycin, 10 mg/ml of blasticidin, or 125 mg/ml of hygromycin.
Autophagy assay MCF7 cells were transfected with GFP-LC3 and stable transfectants (MCF-LC3 cells) were isolated by a fluorescent cell sorter. To assay autophagic activity, parental MCF7 cells or MCF7-LC3 cells were transfected with various cDNAs and/or DAPK siRNA together with mCherry-expressing construct. One day after transfection, cells were treated with IFN-g at 2000 U/ml for 48 h and then analysed by epifluorescent or confocal microscopy for the appearance of GFP-LC3 dots or by western blot for the conversion of LC3-I to LC3-II. In some experiments, cells were treated with 10 mg/ml of E64d and 10 mg/ml of pepstatin A for 16 h to block the lysosomal degradation pathway. To quantify LC3 dots, 50 mCherry-positive cells of each population were randomly chosen for counting the number of LC3 dots per cell.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
